Results of clinical trials suggest that canagliflozin, a sodium-glucose cotransporter 2 (SGLT-2) inhibitor for treating type 2 diabetes, may be associated with lower extremity amputation.
D
iabetes is common and costly. An estimated 23 million individuals in the United States have received a diagnosis of diabetes, and approximately 1.5 million additional cases are identified each year. 1 The morbidity associated with diabetes is due to both macrovascular and microvascular complications, yet the prevalence of these complications can be attenuated by appropriate glycemic control, underscoring the importance of lifestyle modification and pharmacotherapies that reduce glycemic burden. In 2013, the first sodium-glucose cotransporter 2 (SGLT-2) inhibitor was approved by the US Food and Drug Administration (FDA) for the treatment of type 2 diabetes. In contrast to other oral treatments, such as biguanides, sulfonylureas, thiazolidinediones (TZDs), glucagon-like peptide 1 (GLP-1) agonists, or dipeptidyl peptidase 4 (DPP-4) inhibitors, SGLT-2 inhibitors inhibit the reabsorption of glucose in the kidney. Since the approval of canagliflozin, 2 other SGLT-2 inhibitors, dapagliflozin and empagliflozin, have been approved by the FDA.
In May 2017, the FDA issued a Drug Safety Communication regarding an increased risk of foot and leg amputations with the use of canagliflozin.
2 This warning was based on the evidence from 2 clinical trials and resulted in a boxed warning on the labels of canagliflozin products. The Canagliflozin Cardiovascular Assessment Study (CANVAS) program used data from 2 trials 3-5 and showed that there was a statistically significantly higher risk of amputation with canagliflozin than with placebo (6.3 vs 3.4 participants with amputations per 1000 patient-years). 6, 7 Although both CANVAS and Canagliflozin Cardiovascular Assessment Study-Renal (CANVAS-R) suggested an increased risk for lower limb amputations, they examined only 1 SGLT-2 inhibitor, neither was powered to assess this outcome, and neither offers an assessment of the association among a broad and diverse group of real-world users. Thus, we investigated the association between use of SGLT-2 inhibitors and lower extremity amputation using a new user design among a large cohort of commercially insured individuals in the United States between 2012 and 2015.
Methods

Study Design and Data Source
We conducted a population-based, retrospective, new-user design cohort study using Truven Health MarketScan Commercial Claims and Encounters data (Truven Health Analytics) from September 1, 2012 , through September 30, 2015 MarketScan is one of the largest commercial claims databases in the United States, with information on more than 25 million individuals annually. The data consist of individual-level health care use data, including demographic characteristics and information on medical and pharmacy services provided. The study was exempted from review by a Johns Hopkins Institutional Review Board; as this study was not human participant research, patient consent was not required.
Cohort Derivation
Patients with at least 1 of the following antidiabetic medications were considered for the analysis: 3 newer agents (SGLT-2 inhibitors, DPP-4 inhibitors, or GLP-1 agonists) and 3 older agents (sulfonylureas, metformin hydrochloride, and TZDs). Medications were identified using National Drug Codes. The index date for each patient was the first prescription date of the assigned exposure medication on or after the study entry date, March 29, 2013. We included a baseline period of 6 months prior to the index date.
Patients were excluded if they met any of the following criteria: sex unknown; younger than 18 years of age at cohort entry; having any newer antidiabetic agent during the baseline period; absence of continuous medical and pharmacy enrollment during the baseline period; any insulin use between 2010 and 2015; receipt of 2 or more of the 3 newer agents as a first prescription (eg, concomitant initiation of SGLT-2 and DPP-4 inhibitors); having an index date after September 30, 2015; and having an outcome(s) of interest in the baseline period. Given that amputation is rare and that we wanted to include as many participants as possible, we derived 2 cohorts: 1 excluding individuals with baseline amputation (n = 953 906) and another excluding individuals with any baseline outcome (n = 933 073).
We defined each individual's last date of observation as the earliest of the following 6 dates: (1) the last date of continuous exposure to the assigned medication, which was the last day of continuous drug at hand plus 30 days (we used 30 days to account for the clearance of the drug since the half-life of SGLT-2 inhibitors is hours) 8 ; (2) the date prior to the switch to or the addition of other newer agents; (3) the date of the loss of medical or pharmacy enrollment; (4) the first date of nonoutcome-related hospitalization, as prescription use during hospitalization was not available; (5) the study end date, September 30, 2015; or (6) the first date of the outcome. Patients were censored for that outcome if the last date of observation was not equal to the first date of the outcome. The distribution of reasons for exiting the cohort are presented in eTable 1 in the Supplement.
Definition of Exposure
Patients with any prescription of the newer medications were assigned to a medication group (SGLT-2 inhibitors, DPP-4 inhibitors, or GLP-1 agonists) based on their first prescribed newer medication, while the remaining patients were assigned to a fourth group ("other drugs") reflecting use of the 3 older agents only (sulfonylureas, metformin, and TZDs) (eTable 2 in the Supplement). Patients assigned to the SGLT-2 inhibitors, DPP-4 inhibitors, or GLP-1 agonists group could have any older agent before the index date, or we would not have had enough patients; for example, more than half of the new users of the newer agents had metformin, and about one-fourth had sulfonylureas prescribed during the baseline period ( Table 1) . Although exposure to DPP-4 inhibitors was the primary comparison group (relative to SGLT-2 inhibitors), exposure to GLP-1 agonists was included as a second comparison group because a recent observational study suggested that DPP-4 inhibitors may be protective against amputations.
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Definition of Outcomes
We defined 5 outcomes: foot and leg amputation, peripheral arterial disease, critical limb ischemia, osteomyelitis, and ulcer. These outcomes were defined using administrative codes after a comprehensive literature review to identify the most accurate administrative codes associated with these conditions. Four of 5 outcomes came from a validation study identifying diabetes-related complications, 10 and the predictive positive value was 0.85 for amputation, 0.89 for ulcer, 0.64 for osteomyelitis, and 0.64 for peripheral vascular disease; critical limb ischemia was also similarly identified with a κ coefficient of 80. 11 (Detailed definitions can be found in eAppendix 1 in the Supplement.)
Definition of Confounders
Based on a comprehensive literature review, we derived 4 groups of confounders: demographics (age and sex), diabetes severity, comorbidities, and medications from the baseline period. The adapted Diabetes Complications Severity Index score measures an individual's diabetes severity using claims only and is the sum of 7 diabetes complications graded by severity as 0, 1, or 2 (as the severity increases, the score increases); it ranges from 0 to 13 (0 indicates no complications and 13 indicates the most severe complications). 12,13 The adapted Diabetes Complications Severity Index score has been shown to be associated with number of hospitalizations and costs among patients with diabetes and was adopted extensively. [14] [15] [16] [17] We assessed the comorbidities, including cerebrovascular disease, congestive heart failure, ischemic heart disease, hypertension, retinopathy, nephropathy, neuropathy, atrial fibrillation, renal disease, and eye disease (eAppendix 2 in the Supplement). We evaluated the medications, including cardiovascular medications (eg, cardiac drugs, loop diuretics, lipid-lowering agents, and antithrombotic drugs), hormone replacement therapy, antiasthmatic drugs, statins, aspirin, anticoagulants, thiazides, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and calcium channel blockers (eTable 3 in the Supplement).
Propensity Score
For each cohort, we developed 3 propensity score-based weights to achieve a better balance between the SGLT-2 group and each comparison group. 15, 18, 19 We applied logistic regression to determine the possibility of SGLT-2 use among individuals using SGLT-2 inhibitors and those using DPP-4 inhibitors, GLP-1 agonists, and other drugs. All confounders described earlier were included in the propensity score models as independent variables.
Although there are various methods to apply propensity scores, no single method consistently outperforms others. 20, 21 We used propensity score weighting because it could produce one interpretable overall treatment effect and would not diminish our sample size. To estimate the average effect of treatment on individuals using SGLT-2 inhibitors, the average treatment effect of the treated (ATT) weighting was applied; that is, we compared the hazards of outcomes among individuals using SGLT-2 inhibitors with the hypothesized situation had they taken DPP-4 inhibitors, GLP-1 agonists, or older agents instead of SGLT-2 inhibitors. This approach is specifically useful when systematic differences likely occur between the study sample and the overall population. 22 The balance between individuals using SGLT-2 inhibitors and 3 comparison groups in baseline covariates before and after ATT weighting was compared using the standardized difference, with a standardized difference less than 0.1 considered negligible. 22 After ATT weighting, standardized differences of all but 1 covariate (categorical age groups) were reduced from as high as 0.41 to 0.1 or smaller, suggesting that the groups were well balanced (eTables 4-7 in the Supplement).
Statistical Analysis
We used χ 2 tests for categorical variables and Kruskal-Wallis tests for continuous variables to assess whether patients' characteristics were different across the 4 medication groups. For each outcome, 3 separate Cox proportional hazards regression models with propensity score ATT weighting were constructed to examine the association between the use of SGLT-2 inhibitors (relative to 3 reference groups) and the outcome. We calculated robust estimates of SEs for all variables in the models. 23 All control variables initially entered the models as regression covariates, and the proportional hazards assumption was assessed at the P =. 05 level for each control variable (Kolmogorov-type supremum test); if a variable violated the proportional hazards assumption, the variable was included as a stratification factor.
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We continued this process until no regressors violated the proportional hazards assumption (eTable 8 in the Supplement). We used SAS, version 9.3 (SAS Institute Inc) for all analyses. P < .05 (2-sided) was considered significant.
Sensitivity Analyses
We performed 4 sets of sensitivity analyses to test the robustness of our findings. First, we evaluated 2 additional models, including all control variables as regression covariates with and without ATT weighting. Second, we combined individuals using DPP-4 inhibitors and GLP-1 agonists as 1 reference group and repeated the main analyses. Third, we added 3 binary indicators of the older agents' baseline use in the covariate-only model and evaluated the differences in the hazard ratios. Fourth, we included patients with baseline amputation.
Results
Patient Inclusion and Characteristics
The Figure depicts Crude Association Between Treatment, Amputation, and Other Vascular Outcomes Table 2 depicts the incidence of amputation and other vascular outcomes among new users of SGLT-2 inhibitors, DPP-4 inhibitors, and GLP-1 agonists and users of older agents for type 2 diabetes. For example, among the first cohort, amputation was rare, although it was more common among new users of SGLT-2 inhibitors (10.53 per 10 000 person-years; 10.00 per 10 000 person-years for canagliflozin users) than among new users of DPP-4 inhibitors (8.52 per 10 000 person-years), GLP-1 agonists (7.10 per 10 000 person-years), or metformin, sulfonylureas, or TZDs (4.90 per 10 000 person-years). Patterns regarding other vascular outcomes varied, although the crude, or unadjusted, rates of both peripheral vascular disease and critical limb ischemia were greater among new users of SGLT-2 inhibitors, DPP-4 inhibitors, and GLP-1 agonists than among users of metformin, sulfonylureas, or TZDs. The median observation time was short, ranging from 99 days After adjustment, SGLT-2 inhibitors were associated with some but not all of the other outcomes examined. For example, compared with users of metformin, sulfonylureas, or TZDs, new users of SLGT-2 inhibitors had higher rates of vascular ulcers (aHR, 1.34; 95% CI, 1.10-1.61), osteomyelitis (aHR, 1.44; 95% CI, 1.02-2.05), and peripheral vascular disease (aHR, 1.11; 95% CI, 1.02-1.22). However, compared with new users of DPP-4 inhibitors, new users of SGLT-2 inhibitors also had lower rates of some outcomes, such as peripheral vascular disease (aHR, 0.88; 95% CI, 0.79-0.96) and critical limb ischemia (aHR, 0.76; 95% CI, 0.64-0.89).
Sensitivity Analyses
The results of sensitivity analyses are depicted in eTables 10 to 13 in the Supplement. Models that included all control variables as regression covariates with and without ATT weighting yielded substantively similar results as those depicted in Table 3 . Analyses that combined new users of DPP-4 inhibitors and new users of GLP-1 agonists as a single reference group also yielded similar findings to those reported herein, with a nonstatistically significant increased association between SLGT-2 inhibitor use and amputation relative to this combined reference group. Including 3 binary indicators of the use of older agents at baseline did not change our substantive findings or their interpretation. Last, after inclusion of patients with prior amputation, we found a borderline statistically significant increase in the hazard ratio associated with the use of SGLT-2 inhibitors compared with the use of DPP-4 inhibitors (aHR, 1.73; 95% CI, 1.01-2.98; P = .048).
Discussion
It remains unclear whether or not SGLT-2 inhibitors, such as canagliflozin, are associated with an increased risk of foot and leg amputations compared with placebo. In this retrospective cohort study using a large commercial claims database in the United States, overall rates of amputation were low, and the length of follow-up was limited. Despite this limitation, we found a nonstatistically significant increased risk of amputation associated with new use of SGLT-2 inhibitors compared with DPP-4 inhibitors and GLP-1 agonists. In addition, new use of SGLT-2 inhibitors was associated with a statistically significant greater likelihood of amputation compared with the use of 3 older oral diabetes medicines examined. These findings are relevant because of how commonly SGLT-2 inhibitors are prescribed, the increased risk of foot and leg amputations with the use of canagliflozin in the CANVAS and CANVAS-R clinical trials, and the importance of this outcome for patients.
The mechanisms by which SGLT-2 inhibitors may increase the risk of amputation are not known. Some have speculated that by promoting glucosuria and volume depletion and subsequent hemoconcentration in patients with diabetes who are already at risk, these products may increase the risk of peripheral artery disease and amputation. Consistent with this postulated hypothesis are the findings from an exploratory analysis by the European Medicines Agency that patients with chronic kidney disease may be at the highest risk, although, again, definitive evidence is lacking.
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Our results bear similarities to and differences from recent clinical trials, observational studies, and disproportionality analyses yielding conflicting results. In the CANVAS and CANVAS-R trials, there was an approximate doubling in the risk of amputation of toes, feet, or legs with canagliflozin than with placebo (6.3 vs 3.4 participants with amputation per 1000 patient-years, corresponding to a hazard ratio of 1.97 [95% CI, 1.41-2.75]), with 71% of the affected participants having their highest amputation at the level of the toe or metatarsal in 2 clinical trials of patients with cardiovascular disease after a mean follow-up of 188 weeks. 6 The inability to detect a significant effect in our sample compared with individuals taking DPP-4 inhibitors and GLP-1 agonists may reflect a shorter duration of follow-up, as well as a much lower proportion of patients with cardiovascular disease, a fact that is reflected in the overall low rates of amputation among all groups in our study. An increase in the risk of amputation has not been seen with clinical trials of the other SGLT-2 inhibitors, such as dapagliflozin and empagliflozin, although long-term studies are ongoing. 26 Another disproportionality analysis of the FDA's Adverse Event Reporting System noted a significantly increased proportional reporting ratio for amputation associated with canagliflozin at 3.83 (95% CI, 2.39-6.14) but allowed for limited inferences owing to unknown factors influencing reporting trends.
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In contrast to clinical trials and disproportionality analyses reporting an increased risk of amputation, a cohort study conducted by the manufacturer of canagliflozin reported no statistically significant increased risk of below-knee amputations among patients with type 2 diabetes; the authors reported a hazard ratio of 0.98 (95% CI, 0.68-1.41; P = .92) for the comparison of SGLT-2 inhibitors and non-SGLT-2 antiglycemic agents. 28 However, in contrast to our analysis, the authors combined older and newer diabetes treatments (except metformin) into 1 group and conducted an intention-to-treat analysis regardless of whether participants discontinued, switched, or augmented treatment, which may have diluted any difference between groups. It is also unclear if the loss of enrollment or pharmacy coverage was accounted for. Similar to our study, event rates were very low compared with those in clinical trials. The FDA has recently placed a boxed warning on products containing canagliflozin; however, regulators have not issued statements on whether this association is a class-wide association. In addition, the warning addresses only lowerlimb amputations and does not make a statement on other manifestations of peripheral vascular disease-some, but not all, of which we found were associated with use of SLGT-2 inhibitors. The European Medicines Agency has also taken steps to better understand patient safety with the use of SGLT-2 inhibitors and mandated a review of all peripheral vascular disease outcomes with SGLT-2 inhibitors. Because all SGLT-2 inhibitors share similar mechanisms of action, a warning for amputations as a class effect was applied to all SGLT-2 inhibitors after review of clinical trial data. 25 Our study supplements this body of evidence by investigating the risk of lower extremity amputations across 3 SGLT-2 inhibitors and including a variety of additional outcomes of interest to patients, clinicians, and regulators.
Limitations
Our study has some limitations. The MarketScan data set consisted of privately insured individuals, so the generalizability to other populations may be questionable. As we noted, our event rates were low, and our duration of follow-up was limited. As data from clinical trials accumulate over time, a metaanalysis of randomized clinical trials may be helpful, although, to our knowledge, amputations have not been prospectively evaluated in trials nor formally ascertained as adverse events. In addition, our sample size is insufficient to examine for evidence of heterogeneity of effects across different SLGT-2 products. The inclusion of prevalent users of older drugs has the potential to introduce immortal time bias. There is also a potential for misclassification of exposure and outcomes. For example, prescriptions may be dispensed yet not taken, although such misclassification of exposure would lead us to underestimate the true magnitude of the association between SGLT-2 inhibitors and amputation. We used previously validated algorithms to derive our outcome variables (eg, peripheral vascular disease), although outcome misclassification also remains possible. Confounding by indication and disease severity could explain the increased risk of amputation seen with the use of SGLT-2 inhibitors compared with the use of older agents. To address this confounding, we used propensity score weighting, adjusted for differences in baseline characteristics, and adopted a new-user design. The higher proportion of statin use among those using SGLT-2 inhibitors may have attenuated our risk estimates because statins may be protective against amputations. 29 Finally, we focused on SGLT-2 inhibitors and amputation; further studies are necessary to examine this association and also the potential association between DPP-4 inhibitors and the outcomes we explore.
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Conclusions
Given the uncertainty regarding the true nature of the association between SLGT-2 inhibitors and amputation, clinicians and patients will have to navigate treatment choices while balancing the potential risks of these products against their benefits and alternatives. As the regulatory communications from the FDA and European Medicines Agency make clear, there is a pressing need for further information derived from a number of sources, ranging from passive surveillance systems to meta-analyses of large studies, including observational studies of vascular outcomes such as those we examine herein. Role of the Funder/Sponsor: The funding source had no role in the design and conduct of the study, analysis or interpretation of the data, and preparation or final approval of the manuscript prior to publication. 
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